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Abstract 

We review the standard Higgs boson physics and the search for standard Higgs 
boson at LEP and LHC supercoUiders 
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1 Introduction 



This paper is devoted to the memory of 
our teacher Nikolai Nikolaevich Bogolyubov 
whose 90-th year jubilee is celebrated by 
the physics and mathematical community 

The Standard Model which describes within an unprecendental scale of energies and 
distances the strong and electroweak interactions of elementary particles relays on a few 
basic principles - the renormalizability, the gauge invariance and the spontaneous break- 
ing of the underlying gauge symmetry. The principle of the renormalizability which is 
considered often as something lying beyond the limits of experimental test is in fact one 
of the most important (if not the major) ingredients of the quantum field theory. 

The requirement of renormalizabilty which content and deep meaning were uncovered 
in the fundamental textbook by N.N. Bogolyubov and D.V.Shirkov [jl| plays the central 
role in the construction and classification of the field theoretic models. They split in 
general on two classes. 

In the renormalizable models the ultraviolet divergences of the radiative corrections are 
under mathematically rigorous control due to the famous Bogolyubov-Parasiuk theorem 
[0]. These models which preserve their locality in all orders of the perturbation theory 
are characterised by a finite number of relevant dimensionless coupling constants whose 
dependence on an arbitrary dimensional normalization parameter is described by the 
renormalization group [jT|. These so-called the "running" coupling constants depending 
on the model may have or the asymptotic freedom behaviour at large momenta (as for 
non-abelian gauge theories) or like in quantum electrodynamics with an abelian gauge 
symmetry reveal the growth of the effective coupling constant in the ultraviolet region. 

The second class of field theoretical models - the non-renormalizable models have a 
very serious drawback which makes them useless for description of particle interactions at 
the present level of knowledge. First of all, the non-renormalizable models have infinite 
number of divergent matrix elements that requires as a consequence an introduction of 
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an infinite number of interaction vertecies and dimensional coupling constants. What is 
more important the nonrenormalizable theories are nonlocal and depend on the infinite 
number of unknown functions |1|, This follows from the fact that the vertecies of 
the nonrenormalizable models contain an arbitrary high derivatives of the field operators. 
Thus the predictive power of nonrenormalizable models is close to zero. An imaging world 
described by such a theory seems to be extremely complicated unlike what we learn from 
studying particle interactions and evolution of the Universe at least until the present. [| 
The Weinberg-Salam model of the electroweak interactions belongs to the first class 
of the field theories. The major ingredient of this model which experimental test is the 
target of the world-wide search programme is the presence of the scalar multiplet with 
nontrivial vacuum condensate (the Higgs boson [^). The nonzero vacuum condensate 
does not affect the small distance behaviour of particle interactions that allows to solve 
the problem of mass generation for W- and Z- vector bosons without conflict with the 
renormalizabilty of the theory. The spontaneous breaking of the gauge symmetry in the 
Weinberg-Salam model is a consequence of the degeneration of the ground state in the 
presence of the boson condensate - in precise analogy with the theory of the superfluidity 

i- 

In Weinberg-Salam model a complex isodoublet scalar field is introduced through 
self-interactions; this acquires non-vanishing vacuum expectation value, breaking sponta- 
neously the electroweak gauge group SU (2)/, Cg) f/(l) to the electromagnetic U{1) em gauge 
group. The interactions of the gauge bosons and fermions with the background field gen- 
erate the masses of these particles. One component of the scalar isodoublet Higgs field is 
not absorbed in the longitudinal components of the vector W and Z bosons, manifesting 
itself as the physical Higgs particle /i 0. It should be stressed that the Higgs mechanism 
is the only way to construct the renormalizable theory of the electroweak interactions. 

Therefore the discovery of the single missing ingredient of the Weinberg-Salam model - 
^However we should not ignore the fact that the distinction between renormahzable and nonrenormal- 
izable theories is evident only within perturbation theory. 

^Note that very often standard Higgs boson is denoted by capital letter H. 
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the Higgs boson will be in some sense the experimental "proof" of the renormalizability 
of the electroweak interactions. There are no doubts that at present the main supergoal 
in high energy experimental physics is the search for the Higgs boson. 

In this paper we present an introduction to electroweak symmetry breaking and Higgs 
boson physics for the Weinberg-Salam model (the Standard Model 0). The current ex- 
perimental status of the Higgs boson searches and implications for future experiments 
at the Large Hadron Collider (LHC) are discussed. We don't review the Higgs boson 
physics at e~^e~ linear collider 0] and at muon collider because at present it is too 
far from reality. It should be noted that at present common belief is that the Standard 
Model is not the whole story and at the TeV scale new physics beyond Standard Model 
exists. Namely, the most popular scenario is the low energy broken supersymmetry with 
the 0(1) TeV sparticle masses [0. In such scenario at least two Higgs boson doublets 
must exist, so in addition to the standard (light) Higgs boson h there must exist scalar 
charged Higgs boson H^, second neutral scalar Higgs boson H and axial scalar Higgs 
boson A. For the most interesting case when the Higgs boson h is much lighter than the 
additional Higgs bosons H, H^, A we have the decoupling of the Heavy Higgs bosons and 
the interactions of the lightest Higgs boson with vector bosons and fermions coincide up 
to power corrections with the Standard Model interactions. Therefore even if new physics 
beyond Standard Model exists at TeV region with very big probability the physics of the 
lightest Higgs boson is described by the Standard Model. Note that there are several 
books and reviews on the Higss boson physics [|10[ - . The peculiarity of this review is 
that we give both theoretical aspects of the Higgs boson physics and experimental aspects 
related to the search for the Higgs boson at LHC. 

The organization of the paper is the following. In section 2 we describe the Lagrangian 

of the Standard Model. In section 3 we give the main formulae for the Higgs boson decay 

widths. In section 4 indirect bounds on the Higgs boson mass are discussed. LEPl and 

LEP2 Higgs boson mass bounds are given in section 5. The Higgs boson production 
■^By Standard Model we understand the electroweak Weinberg-Salam model plus quantum 
chromodynamics. 
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mechanisms and the main formulae for the cross sections are described in section 6. In 
section 7 we discuss the possibihties to discover Higgs boson at upgrated TEVATRON. 
In section 8 we give review of the two main general purpose detectors at the LHC (CMS 
and ATLAS). The perspectives for the search for Higgs boson at the LHC are described 
in section 9. Section 10 contains concluding remarks. 



2 The Lagrangian of the Standard Model 

The Standard Model (SM) is the renormalizable model of strong and electroweak interac- 
tions. It has the gauge group SU{3)c ® SU{2)l ® U{1) and the minimal Higgs structure 
consisting of one complex doublet of scalar particles. The spontaneous electroweak sym- 
metry breaking SU{?>)c ® SU(2)l ®U{1) SU{3)c ® U{1)em due to nonzero vacuum 
expectation value of the Higgs doublet provides the simplest realization of the Higgs 
mechanism |^ which generates masses for , Z gauge bosons and masses to quarks and 
leptons. In this approach, the Goldstone bosons are generated by dynamics of elemen- 
tary scalar fields and precisely one neutral Higgs scalar (the Higgs boson) remains in the 
physical spectrum. The Lagrangian of the Standard Model consists of several pieces: 

LwS = Lym + LhyM + LsH + Lj + Ly^k ■ (1) 

Here Lym is the Yang-Mills Lagrangian without matter fields 

Lym = -\F;^{W)Fr{W) - \F^-'iW')F,^{W') - \f;;^{G) Fr (G) , (2) 

where F'^^iW), F^^{G), F^^{W^) are given by 

FUW) = d,Wl - d,W; + g^e'^'Wf^W, , (3) 

F^.iW'^) = d,W^, - d,W% (4) 

F;,(G) = d,Gl - d^Gl + gsr'-GlGl , (5) 

where W^, W'^ are the SU{2)l ® U{1) gauge fields, are the gluon fields and e"-^^, 
are the structure constants of the SU{2)l and SU{3)c gauge groups. The Lagrangian 
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Lhym describes the Higgs doublet interaction with SU{2)l <^U{1) gauge fields 

Lhym^{Dl^H) + {D>IH), (6) 
where covariant derivatives are given by 

DL, = d,-ig,^Wl-igSw:, (7) 



2 ■■ /X 

Y 

Y n 

2 M 2 



DR^ = d,-ig^-Wl, (8) 



= - ^9^^K - - ^arci , (9) 

D'k^^d.-ig.^Wyig.t'^Gl. (10) 

Here gi is the U{1) gauge coupling constant, g2 and g^ arc the SU{2)l and S'f/(3)c gauge 
coupling constants, Y is the hypercharge determined by the relation Q — ^ + ^, are the 

Pauli matrices, are 5*^/(3) matrices in the fundamental representation, H = 

is the Higgs SU{2)l doublet with Y — 1. The Lagrangian Lsh describing Higgs doublet 
self-interaction has the form 

Lsh = -Vo{H) = M^H+H - ^{H+Hf , (11) 

where H'^H — J2iH*Hi and A is the Higgs self-couphng constant. The Lagrangian Lf 
describes the interaction of fermions with gauge fields. Fermions constitute only doublets 
and singlets in SU{2)l ® U{1) 

Ri = cr, R2 = iiR, Rs^tr, (12) 

Rglu = {qiu)R, {qiu = U, q2u = C, Qsu = t) , (14) 

Rgid = {qid)R, {qid = d, q2d = s, q3d = b) , (15) 
where L and R denote left- and right-handed components of the spinors respectively, 

^R,L = (17) 
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and Vji is the Kobayashi-Maskawa matrix. The neutrinos are assumed to be left-handed 
and massless. The Lagrangian Lf describes the interaction of fermions with gauge fields 
and it has the form 

Lf = '^[iLkDiLk + iRkDuRk + iLq^DlLgk + iRgkuDj^Rgku + iRqkdDjiRqkd] , (18) 

k=l 

where = YDl^., Dr = YDr^, Dl = ^^1^, = YD],^- The Lagrangian Lyuk 
generates fermion mass terms. Supposing the neutrinos to be massless, the Yukawa in- 
teraction of the fermions with Higgs doublet has the form 

3 _ 

Lvuk — — "^[hikLkHRk + hdkLgf,HRdk + hukLgk{ia'^H*)Ruk\ + h.c. , (19) 



k=l 



. The potential term Vq{H) = -M'^H+H + ^{H+Hf for > gives rise to the spon- 
taneous symmetry breaking. The doublet H acquires the nonzero vacuum expectation 
value 

( "1 

<H>= , (20) 

V 

\ ^ ) 

where v = 246 GeV. In the unitare gauge unphysical Goldstone massless fields are absent 
and the Higgs doublet scalar field depends on the single physical scalar field h{x) (Higgs 
boson field): 

/ 





H(x) 



\ 



(21) 



Due to spontaneous gauge symmetry breaking gauge fields except gluon and photon fields 
acquire masses. Diagonalization of mass matrix gives 

1 „.o. 1 



1 



(22) 
(23) 
(24) 
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where VF^, are charged and neutral electroweak boson fields, is photon field. It is 
convenient to introduce rotation angle 6w between {W^, W^) and (Z, A) which is called 
Weinberg angle 

smOw = , ■ (25) 

\j9i+92 

Experimentally siv? 6w ~ 0.23 [|T^. The formula for the electric charge e has the form 

9291 



92 + 9i 



(26) 



At the tree level the Higgs boson mass is determined by the formula 

ruh = V2M = VXv . (27) 

The Lagrangian Lhym describes the interaction of the Higgs boson field with vector W- 
and Z-bosons. In the unitare gauge it reads 

Lhym = Id'^hd.h + M^{1 + -^W^W^^ + ^M|(l + -fZ>^Z, . (28) 

The Lagrangian Ly^k is responsible for the fermion masses generation. In the unitare 
gauge it can be written in the form 

h - 

Lyuk = -^m^X^ + (29) 

i ^ 

where ipi are the fermion(quark and lepton) fields. 

3 Indirect Higgs boson mass bounds 
3.1 Tree level unitarity 

The Higgs boson has been introduced as a fundamental particle to render 2-2 scattering 
amplitudes (see Fig.l) involving longitudinally polarized W bosons compatible with uni- 
tarity. In general particles must decouple from low energy spectrum if their mass grows 
indefinitely. Therefore the Higgs boson mass must be bounded to restore unitarity in 
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the perturbation theory. The asymptotic tree level formula for the elastic WlWl S-wave 
scattering amplitude reads [EH, ^^ 



A'=\WlWl ^ WlWl) ^ -f^- (30) 
Partial wave unitarity implies that 

\A^\^<\Im{A% (31) 

{Re{A^)f < \Im{A^){l - \Im{A^)\)\. (32) 
As a consequence we find that 

\Re{A^)\<\ (33) 



Hence 20, 21 



ml < ^ (850 GeVf (34) 

The most stringent bound is obtained by performing a full coupled channel analysis for 
the scattering of longitudinal gauge bosons into W^W£ , Z^Z^, Z^h and hh. The largest 
eigenvalue of the amplitude matrix gives the most restrictive bound 

ml < ^ ^ (700 GeVy (35) 

However it should be noted that if rrih > 700 GeV it means simply that perturbation 
theory is no longer reliable and in principle an account of higher order corrections can 
restore unitarity. Lattice estimates give similar bound p2| rrih < 700 GeV on the Higgs 
boson mass. 

3.2 Vacuum stability bound 

It is possible also to derive bounds on the Higgs boson mass from the requirement of the 



absence of the Landau pole singularity for the effective Higgs self-coupling constant |^ 
and from the vacuum stability requirement |p4 |. 



The idea of the derivation of the bound resulting from the requirement of the absence of 
Landau pole singularities is the following EM. Suppose Standard Model is valid up to the 
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Figure 1: TYee level diagrams of elastic WW scattering: (a) pure gauge-boson dynamics, 
and (b) Higgs-boson exchange. 

scale A. We require that the effective Higgs self-couphng constant does not have Landau 
pole singularities up to the energies A. From this requirement we find an upper bound 
on the low energy Higgs self-coupling constant A(mj) which determines the Higgs boson 
mass. Namely, the renormalization group equations for the effective coupling constants in 
neglection of all Yukawa coupling constants except top-quark Yukawa coupling constant 
in one-loop approximation read 

f = P«> 

f^-(f).i. (37) 

-^)/^. (39) 
^ = 12(P + (^,^-|-M)A-^^+| + M + M), (40) 

t = (^) In {^^/mz) • (41) 

Here ^3, §2 and gi are the SU (3)c, SU (2) l and U{1) effective gauge couplings, respectively, 
and hf is the effective top quark Yukawa coupling constant. In our concrete estimates 
we took mf'^ = 175 GeV, asimz) = 0.118, a-^{mz) = 127.9, sin'^ 9wimz) = 0.2337, 

2 

ctj = 1^. From the requirement of the absence of Landau pole singularity for the Higgs self- 
couphng constant A for the scales up to A = (10^ 10^; 10^; 10^; 10^°; 10^^. iqu^ Q^y (^o be 
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precise we require that at the scale A the Higgs self-couphng constant is ^'^ ' < 1) we have 
found the upper bound on the Higgs boson mass mh < (400; 300; 240; 200; 180; 170; 160) 
GeV, respectively. 

The vacuum stability bound |^ comes from the requirement that the electroweak 
minimum of the effective potential is the deepest one for \H\ < A. Remember that A 
is the scale up to which the Standard Model is assumed to be valid. For \H\ ^ v the 
mass terms in the effective potential are negligible compared to the self-interaction term 
and the vacuum stability requirement means that the Higgs self-interaction coupling is 
nonegative A(/i) > for the scales fi < A. Suppose that at scales M > Mg we have 
some supersymmetric extension of the Standard Model. It should be noted that the most 
popular at present is the minimal supersymmetric standard model (MSSM) which 
predicts that the effective Higgs self-coupling constant for the standard model at the 
scale of supersymmetry breaking Mg = A has to obey the inequality 

< A(M,) = (gliMg) + gl{Ms)){cos{2^)f/4 < {gl{Ms) + gl{M,))/4 . (42) 

So the assumption that standard Weinberg-Salam model originates from its supersymmet- 
ric extension with the supersymmetry broken at scale Mg allows us to obtain non-trivial 
information about the low energy effective Higgs self-coupling constant in the effective 
potential V = —M^H^H + ^(H^HY and hence to obtain nontrivial information about 
the Higgs boson mass. It should be noted that in nonminimal supersymmetric electroweak 
models, say in the model with additional gauge singlet cr, we have due to the ka HiiT2H2 
term in the superpotential an additional term k'^\HiiT2H2\^ in the potential and as a con- 
sequence our boundary condition for the Higgs self-coupling constant has to be modified, 
namely 

A(M,) = \{gl{M,) + gl{Ms)) cos\2ip) + h\Ms) siYi\2ip) > . (43) 

The boundary condition (43) depends on unknown coupling constant k'^{Ms). However 
it is very important to stress that for all nonminimal supersymmetric models broken to 
standard Weinberg-Salam model at scale Mg the effective Higgs self-coupling constant 
X{Ms) is non-negative which is a direct consequence of the non-negativity of the effective 
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potential in supersymmetric models. Therefore the vacuum stability requirement results 
naturally if supersymmetry is broken at some high scale Mg and at lower scales 
the Weinberg-Salam model is an effective theory. For the Weinberg-Salam model with 
boundary condition (42) for the Higgs self-coupling constant A(Ms) we have integrated 
numerically renormalization group equations in two-loop approximation. Also we took 
into account the one loop correction to the Higgs boson mass (running Higgs boson mass 



rhh(fi) = y A(/i)f does not coincide with pole Higgs boson mass). Our results ||25| for the 
Higgs boson mass m/j(/c, M^, mf"'*^) for different values of Mg and mf"'^ are presented in 
table 1. Here k = corresponds to the boundary condition A(Ms) = (vacuum stability 
bound) and k = 1 corresponds to the boundary condition A(Ms) = ^{gf + g^)- So from 
the requirement that at some high scale Mg the MSSM is softly broken to the SM we find 



25p that the Higgs boson mass lies in the interval 

mh{k = 0, Ms, mf^'') < rrih < mh{k = 1, Mg, mf^'') 

. The accuracy in the determination of m/j(A;, M^, mf"'*^) is related mainly to nonexact 
knowledge of a^{Mz) and it is estimated to be less than 3 GeV . For instance, for mf"'^ = 
175 GeV and M, = 10^ GeV we find that 



129 GeV <mh< 147 GeV 



Table 1. The dependence of the Higgs boson mass mh{k, Ms^mf" ^) on the values of 
Ms, and k = 0,1. Everything except k is in GeV. 
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Note that in the MSSM the mass of the hghtest Higgs boson is less than rrih < Mz at 



tree level. Radiative corrections can increase the mass of the lightest Higgs boson ||26[ up to 
120 GeV provided the sparticle masses are less than 1 TeV. As it has been demonstrated 
in refs. in Standard Model due to the vacuum stability condition the Higgs boson 
mass has to be heavier than ~ 120 GeV 0. It means that by the measurement of the Higgs 
boson mass it would be possible to distinguish between SM and MSSM. In particular, the 
observation of the Higgs boson at LEP2 with a mass less than 110 GeV will be powerful 
untrivial indication in favour of the existence of low energy broken supersymmetry. 



3.3 Higgs boson mass bound from electroweak precision data 

Indirect bound on the Higgs boson mass can be derived from the high-precision mea- 
surements of electroweak observables at LEP and elsewhere. The Standard Model is 
renormalizable only after including the top quark and the Higgs boson and as a conse- 
quence the electroweak observables are sensitive to the masses of these particles. The 
^Concrete details and rigorous statements are contained in refs-pTf 
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Fermi coupling can be rewritten as 



[1 + Ara + Art + Art], (44) 



v/2 sin2(2^H/)M|' 

The A terms take into account the radiative corrections: Ar^ describes the shift in the 
effective electromagnetic coupling constant; Art takes into account the top quark contribu- 
tion. The Arfi denotes the Higgs boson contribution. This term depends logarithmically 



on the Higgs boson mass and at leading order it reads 

Although the sensitivity on the Higgs boson mass is only logarithmic, the increasing 
precision in the measurement of the electroweak observables allows to derive constraints 



on the Higgs boson mass [29 

mh = 711:11 ± 5 GeV. (46) 

In other words it means that the Higgs boson should be relatively light with a mass less 
than ruh < 220 GeV at 95 % G.L. |2^. See however, ref. ||3^ where it has been shown on 
the base of the scale factor fit that 95 percent confidence level upper limit increases to as 
much as 750 GeV. 



4 Higgs boson decays 

The tree-level Higgs boson couplings to gauge bosons and fermions can be deduced from 
the Lagrangian (28, 29). Of these, the hW~^W~ , hZZ and hipip are the most important 
for the phenomenology. The partial decay width into fermion-antifermion pair is |3l| 



GFm'^mhNc 4m: 



2 



where Nc is the number of fermion colours. For m/j < 2mw Higgs boson decays mainly 
with (^ 90 percent) probability into b quark-antiquark pair and with ^ 5 percent prob- 
ability into r lepton-antilepton pair. An account of higher order QCD corrections can be 
effectively taken into account in the formula (47) for the Higgs boson decay into b quark- 
antiquark pair by the replacement of pole b-quark mass in formula (47) by the effective 
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b-quark mass mi,{mh)- An account of higher order corrections leads to the formula |^| 
(see Fig. 2) 

T{h QQ) = ^^h^ml{m,)[AQCD + A,], (48) 

Aqcd = 1 + 5.67^^^ + (35.94 - 1.36Np)i^^^Y + (49) 
vr TT 



(161.14 - 25.77Nf + 0.259A^^)( 



2, ,a,(mft) 3 



TT 



A, = (^)^|l,57-|logi + ilog^!=l<^| (50) 

for the Higgs boson decay width to Q = b,c quarks in the MS renormalization scheme. 
The relation between the perturbative quark pole mass mq and the MS running quark 
mass ffiQimq) has the form |Q 



3 TT TT ' 

where numerically Kt ~ 10.9, ^ 12.4 and Kc ~ 13.4. Electroweak corrections to heavy 
quarks and lepton decays are rather small |0(less than 2 percent). 

Higgs boson with nih > 2M]y will decay into pairs of gauge bosons (see Fig. 3) with 
the partial widths 

T(h ^ W-'W-) = ^^(4 - 4a^ + 3a^)(l - a.)^ , (52) 

T{h Z'Z') = ^^(4 - Aaz + 3a|)(l - az)K (53) 
where aw = "^^V and az = The electroweak corrections have been computed in 



refs. [^|. They are less than 5 percent in the intermediate region. The QCD corrections 



to the leading top mass corrections of O^GpTrif) have been calculated in refs. 

In the heavy Higgs mass regime {2mz < rnh < 800 GeV), the Higgs boson decays 
dominantly into gauge bosons. For example, for rrih ^ 2m^ one can find that 

T(h ^ W+W-) ~ 2T(h ZZ) - . (54) 

8nV2 

The m| behaviour is a consequence of the longitudinal polarisation states of the W and Z. 
As nifi gets large, so does the coupling of h to the Goldstone bosons which have been eaten 
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Figure 2: Typical diagrams contributing to h ^ QQ at lowest order and one-, two- and 
three-loop QCD. 

by the W and Z. However, the Higgs boson decay width to a pair of heavy quarks growth 
only hnearly in the Higgs boson mass. Thus, for the Higgs masses sufficiently above 2m z, 
the total Higgs boson width is well approximated by ignoring the Higgs boson decay to 
tt and including only the two gauge boson modes. For heavy Higgs boson mass one can 
find that 

T,otai{h):^0A8TeVi^^f. (55) 

For large Higgs boson mass higher order corrections due to the self-coupling of the Higgs 
boson are relevant, namely 

T{h -> VV) = TLo{h VV)[1 + 2.8k + 62.0(/s:)2], (56) 

-^^ereK = ^,V = Z,W. 

Below threshold the decays into off-shell gauge particles are important. The decay 
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Figure 3: Diagram contributing to h ^ VV [V = W, ZJ. 



width into single off-shell gauge boson has the form 



rg,^vv.)^,^^M^R(Ml; (57) 



where (5vi/ = 1, 5z = ^ — ^ ^^^^ (^w + ^ sin'' 9^ and 

R(x) = 3 , — arccos 2 - 132; + A7x^) - - 1 - 6x + Ax^) log x , 

y/Ax — 1 zx"*/^ 2x 2 

(58) 

x = For Higgs boson mass slightly larger than the corresponding gauge boson 

mass the decay widths into pairs of off-shell gauge bosons play important role. The 



corresponding formulae can be found in ref. [3S 



It should be noted that there are a number of important Higgs boson couplings which 
are absent at tree level but appear at one-loop level. Among them the couplings of 
the Higgs boson to two gluons and two photons are extremely important for the Higgs 
boson searches at supercolliders. One-loop induced Higgs coupling to two gluons is due 
to t-quark exchange in the loop (see Fig.4) and it leads to an effective Lagrangian 

24:7imw ^ 

for the interaction of the Higgs boson with gluons. At lowest order the partial decay 
width is given by |H3 



''h I ^ Ah 

Q 

3 

2 



K(^) = U^ + i^-r)f{T), (61) 
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argsin^{—=), r > 1, (62) 

'T 



m = -^[log([±^^ - r < 1 (63) 
The parameter tq = — t- is defined by the pole mass uiq of the heavy quark in the loop. 

h 

For large quark mass Aq{tq) 1. An account of the QCD radiative corrections (see 
Fig.5) gives for ml -C 4mQ [|0l 

r{h - gg{q),qqg) = r,o[af-\m,)][l + (^ - 1n^)^II1^] (64) 

with Np = 5 light quark flavours. It appears that radiative corrections are very large : 
the decay width is shifted by about (60 -70) percent upwards in the most interesting mass 
region 100 GeV < rrih < 500 GeV. Three loop QCD corrections have been calculated in 
the limit of a heavy top quark They are positive and increase the full next leading 
order expression by 10 percent. Using the low-energy theorems it is possible to calculate 
easily the electroweak OlGpMf) corrections to the leading order Higgs boson decay width 



into two gluons |^ 



T{h gg) = TLoih - 99)[l + (65) 



Numerically they are negligible. 




Figure 4: Diagrams contributing to h ^ gg at lowest order. 



Also very important is the one-loop induced Higgs boson coupling to two photons due 
to W- and t-quark exchanges in the loop (see Fig.6). The partial decay width can be 
written in the form 
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Figure 5: Typical diagrams contributing to the QCD corrections to h gg. 



where 



4(r)=2r[l + (l-r)/(r)], 
<(r) = -[2 + 3r + 3r(2-r)/(r)], 



(67) 
(68) 



Ti 



AMf 



f,W and the function /(r) is determined by the formulae (62,63). The 



W loop gives the dominant contribution in the intermediate Higgs boson mass range. 



Two-loop QCD corrections to the quark loops have been calculated in refs. [|4^ . QCD 
corrections rescale the lowest order by a factor that depends on the ratio of the Higgs 
boson and quark masses 



TT 



(69) 



with ChiTq) —1 for ml -C 4mQ. QCD corrections to the two photon Higgs boson 
decay width numerically are not very big, of 0(10) %. Electroweak corrections are less 
than 1 % 
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Figure 6: Diagrams contributing to h ^ '-ff at lowest order. 
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Figure 7: (a) Total decay width (in GeV) of the SM Higgs boson as a function of its 
mass, (b) Branching ratios of the dominant decay modes of the SM Higgs particle. All 
relevant higher-order corrections are taken into account (ref.^Tdj]) (H = h). 
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5 Higgs boson search at LEP 

The process that was used for the direct search for the Higgs boson at LEPl was the 
Bjorken process 

e+e- -^Z^{Z*^ ff)h (70) 

The differential decay width for the Z [Z* ff)h reaction normahzed to Z ^ ff 
decay is given by [^] 

TjZ jZ* ff)h) ^ {1 - X + + '4){x' - Ar^y/' 

T{Z^ff) A-Ksin^ewcos^Ow {x - r^f + iV z / Mzf ' ^ ' 

where x = 2Eh/Mz and r = rUh/Mz, the kinematical hmits being 2r < x < 1 — r^. The 

energy of the Higgs boson Eh is related to the invariant mass of the fermion pair Mjj (i.e. 

the invariant mass of the virtual Z* boson) 

(M| + ml- M^-) 

The Bjorken process with the decay of the virtual Z-boson to yU'^/i", e"'"e~, pairs is used 
for the Higgs boson search. The decay of the Z* to quark-antiquark pair is not useful due 
to large QCD background. The Higgs decay mode determines the Higgs signature in the 
detectors. Higgs bosons with low mass decay into e+e~ and fj^~^fi~ pairs, for intermediate 
mass they decay into light hadrons and r+r^ pairs, and for high mass they decay mainly 
into a bb quark-antiquark pair. The combined limit of the four LEPl experiments(ALEPH, 



DELPHI, L3 and OPAL) on the Higgs boson mass is |^ 



rrih > 65.4 GeV, 95% C.L. (73) 

At LEP2 with the total energy ^/s = 130 — 200 GeV the dominant Higgs production 
process is e'^e" hZ ( "Higgs- Strahlung" process). The corresponding cross section at 
tree level is given by |^ 

_ na^X^^X + UsMl) [1 + (1 - 4 sin^ O^f] 
^ ' 192^2 sin^^VFCOs4 0VF(s-M|)2 ' 



^The e'^e — > WW and e^e ZZ fusions are still negligible at LEP2 energies 
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where A = (s — ml — M|)^ — Arnf^M'^. One can see that for a fixed value of m^, the cross 
section is maximal for ~ mz + \/2mh. 

There are important differences between the Higgs boson searches at LEPl and LEP2. 
The signal-to-background ratio is much better at LEP2. The large background rate at 
LEPl required a very detailed simulation of detector effects and rare background reactions. 
The dominant hadronic Higgs boson signature {Z*h — » qqqq) was useless at LEPl due to 
large QCD background. While the expected Higgs boson production at LEPl involved 
a real Z decaying into a Higgs boson and a virtual Z boson, at LEP2 the Higgs boson 
is produced in association with an on-shell Z boson. This additional information about 
the final state Z boson gives rise to better Higgs boson mass reconstruction and greater 
sensitivity for a Higgs boson signal due to better background rejection. 

Final state particles in the analysed Higgs boson channels at LEP2 are 

e^e~ {Z ^ qq, uu, e'^e", /i^/i^, T^T^){h — > 66, r^r^) (75) 

Thus the three typical signatures are 

(a) two 6-jets + a charged lepton pair {Z — > yU+/i^(e+e^), h ^ bb); 

(b) two 6-jets plus missing transverse energy {Z ^ uu ,h ^ bb); 

(c) four jets with at least two 6-jets or two r-jets {Z qq, h ^ bb or {hZ qq^^T ))- 
Standard model background to these signatures is well known and it is under control 

[§3, For example, the Higgs boson production cross section at = 189 GeV for 



rrih = 95 GeV is 0.18 pb, whereas the main background cross sections are 98 pb (e^e 
qq), 16 pb{e+e- WW), 0.62 pb{e+e- ZZ). 

1998 LEP2 run with full energy ^/s = 189 GeV and with L ^ 170 pb^^/exp allowed 
to deduce the following 95 % C.L. lower Higgs boson mass bounds - 

mh > 90.2 GeV (ALEPH), 

rrih > 95.2 GeV (DELPHI), 
rrih > 95.3 GeV (L3), 
TTih > 91.0 GeV (OPAL) 
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. Note that an additional account of 1999 data with integrated luminosities 29 fb ^ and 
69.5 /r^ at ^/s = 191.6 GeV and ^/s = 195.6 GeV allowed the ALEPH Collaboration 



deduce the Higgs boson mass bound rrih > 98.8 GeV |5^ Recent preliminary combined 
limit of 4 LEP2 experiments with ^/s < 195.6 GeV [^] gives rrih > 102.6 GeV at 
95%C.L.. 

LEP2 run with total energy ^/s = 200 GeV and with total luminosity Lt = 200 pb^^ 
for each experiment will be able to discover standard Higgs boson with a mass up to 107 
GeV m . 



6 Higgs boson production at hadron supercolliders 

Typical processes that can be exploited to produce Higgs bosons in hadron supercolliders 
are: 

gluon fusion: gg ^ h 
WW, ZZ fusion: W+W-,ZZ h 
Higgs-strahlung off W, Z: qqW, Z ^ W, Z + h 
Higgs bremsstrahlung off top: qq, gg ^ ti + h 

Gluon fusion plays a dominant role at the LHC throughout the entire Higgs boson mass 
range of the SM whereas the WW/ZZ fusion process becomes increasingly important with 
Higgs boson rising. The last two reactions are important only for light Higgs boson masses. 

The gluon-fusion mechanism |5^ (see Fig. 8) 

pp^ gg^h (76) 

is the dominant production mechanism of the Higgs boson at the LHC for Higgs boson 
mass up to 1 TeV. The gluon coupling to the Higgs boson in the SM is mediated by 
triangular loops of top and bottom quarks. The corresponding form factor approaches a 
non-zero value for large loop-quark masses. At lowest order the partonic cross section can 
be expressed by the gluonic width of the Higgs boson 

^Loigg ^h) = aoml6{s - ml), (77) 
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47Vf 2 

where tq = — ^, s denotes the partonic system of mass energy squared and the form 

h 

factor Aq is determined by the formulae (62,63 ). In the narrow- width approximation 
hadronic cross section can be written in the form 

CTLoipV ^ h + ...) = (ToTh— — , (79) 

dTh 

2 

where denotes gg luminosity of the pp collider with Th = The QCD corrections 



to the gluon fusion process (see Fig.9)are essential . They stabilise the theoretical 
predictions for the cross section when the renormalization and factorisation scales are 
varied. Moreover, they are large and positive, thus increasing the production cross section 
for Higgs bosons. The QCD corrections consist of virtual corrections to the basic process 
gg ^ h and of real corrections due to reactions gg — * hg, qq hq and qq — hg. The 
virtual corrections rescale the lowest-order fusion cross section with a coefficient that 
depends only on the ratios of the Higgs and quark masses. The next to leading order for 
the hadronic cross section can be represented in the form 

a{pp + ...) = (To[l + C—]Th-^ + Aagg + Aagg + Aagg (80) 



The calculation has been performed in the MS scheme. The mass Mq is identified 
with the pole quark mass and the renormalization scale in and the factorisation scale 
of the parton densities is fixed at the Higgs boson mass. The coefficient C{tq) denotes the 
finite part of the virtual two-loop corrections. The finite parts of the hard contributions 
from gluon radiation in gg scattering , gq scattering and qq annihilation are presented in 
the form 

ri dL^^ as 

Acrgg= dr— — X —aQ[-zPgg{z) log z + dgg{z,TQ) + (81) 

JTh. dT TT 

12[( ^"y_~^"^ ^ - z[2 - z{l - z)] log(l - z)]] , 
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where z = Th/r = m\/s, Pgg and Pgq are Altarelli-Parisi splitting functions. In the heavy 
quark hmit one can find that 



C(rQ) ^ TT^ + 5.5, 



dggiz, Tq) 



-5.5(1 -z) 



dggiz,TQ) ^ -Z^ 
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Figure 8: Diagram contributing to the formation of Higgs bosons in gluon-gluon collisions 
at lowest order. 
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Figure 9: Typical diagrams contributing to the virtual/real QCD corrections to gg — > h. 



The size of the radiative corrections can be parametrised by defining the K factor as 
K = (Tnlo/o'lo- The results of the calculations are presented in Fig. 10. The virtual 
and the real corrections for the gg collisions are the most important, they are large and 
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positive. After including higher order QCD corrections the dependence of the cross section 
on the renormahzation and factorisation scales is reduced from the level of 0(1) to a level 
of about 0(0.2). 

The theoretical prediction for the Higgs boson production cross section is presented in 
Fig. 11 for the LHC as a function of the Higgs boson mass. The cross section decreases with 
increasing of the Higgs boson mass mainly due to the decrease of gg partonic luminosity 
for large invariant masses. 
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Figure 10: K factors of the QCD-corrected gluon-fusion cross section a{pp h + X) 
at the LHC with cm. energy ^/s = 14 TeV. The renormalization and factorisation scales 
have been identified with the Higgs mass, and CTEQ4 parton densities have been adopted 
(ref^) (H = h) . 



The second important process for the Higgs boson production at the LHC is vector- 
boson fusion (see Fig. 12), W^W^ (ZZ) h [Q. For large Higgs boson mass this mech- 
anism becomes competitive to gluon fusion; for intermediate masses the cross section is 
smaller by about an order of magnitude. For large Higgs boson mass the W and Z bosons 
are predominantly longitudinally polarised. At high energies, the equivalent particle spec- 
tra of the longitudinal W, Z bosons in quark beam have the form []TB| 



GpM^ 1 - X 
2y27r2 X 
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Figure 11: The cross section for the production of Higgs bosons; three different sets of 
parton densities are shown [CTEQ4M, MRS(Rl) and GRV('92)] (ref.g^) (H = h). 



GpMl 



X 



X 



^9) 



where x is the fraction of energy transferred from the quark to the W , Z boson in the 
sphtting process q q + W/Z. The WW and ZZ luminosities are presented in the form: 

l + Tw 



drw Svr^ tw 



Tw 



log Tw] 



(90) 



-f- = ^[(/| - 2e, sin^ Owf + f - 2e, sin^ O^f + {II f] ■ (91) 

[2 log Tz] , 

where ry = —j^- Denoting the parton cross section for WW, ZZ ^ hhj ao with 

ao{VV^h) = aoSil-ml/s), (92) 

do = V27iGf , (93) 

the cross sections for the Higgs boson production in quark-quark and hadron-hadron 
collisions are presented in the form 

a{qq qqh) = — do , (94) 

dTv 
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[qq -^VV^h)= / '^'^X!~7 — ^{qQ qq h; s = ts) . (95) 

Jin1/s , dV 



q,q 



[W,Z 
h 



Figure 12: Diagram contributing to qq qqV*V* — qqh at lowest order. 

Higgs-strahlung qq V* ^ Vh (V = W, Z) (see Fig. 13) is a very important process 
for the search of hght Higgs boson at the TEVATRON and LHC Though the cross section 
is smaller than for gluon fusion, leptonic decays of electroweak vector bosons are extremely 
useful to filter Higgs boson signal from huge background. The corresponding formulae for 



the cross section are contained in [|61| . 




Figure 13: Diagram contributing to qq V* ^ Vh at lowest order. 



The process gg,qq — * tth (see Fig. 14) is relevant for small Higgs boson masses. The 



analytical expression for the parton cross section is quite involved [|62|. Note that Higgs 
boson bremsstrahlung off top quarks is an interesting process for measurements of the 
fundamental hit Yukawa coupling. The cross section (y{pp tth) is directly proportional 
to the square of this coupling constant. 
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Figure 14: Typical diagrams contributing to qq/gg — > htt at lowest order. 

One can say that three classes of processes can be distinguished. The gluon fusion 
of Higgs boson is a universal process, dominant over the entire Higgs boson mass range. 
Higgs-strahlung of electroweak W, Z bosons or top quarks is important for light Higgs 
boson. The WW/ZZ fusion channel, by contrast, becomes rather important in the upper 
part of the Higgs boson mass. An overview of the production cross section for the Higgs 
boson at the LHC is presented in Fig. 15. 



7 Search for the Higgs boson at Tevatron 

It is expected [^, Q that upgrated Fermilab Tevatron (TEV22) will start in 2000 year 



with the full energy y/s = 2 TeV and the full luminosity for each experiment during 3 years 
of exploitation will be Lt = 2 fb^^. There are also plans to increase luminosity to have 
Lt = 30 fb^^ (TEV33) by 2006. The most interesting process for the search for standard 
Higgs boson at the Tevatron is Higgs-strahlung off W, Z bosons qq W* /Z* W/Z + h. 
For the Higgs boson mass 100 GeV < rrih < 140 GeV the cross section is between 0.5 pb 
and 0.1 pb. The QCD corrections for Higgs-strahlung coincide with those of the Drell- 
Yan process and increase tree level cross section approximately by 30 percent. The most 
promising signatures are 

pp {h ^ bb){W — ^ lu^jets) + anything (96) 

pp ^ {h ^ bb){Z , uv) + anything. (97) 
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Figure 15: Higgs production cross sections at the LHC for the various production mech- 
anisms as a function of the Higgs mass. The full QCD-corrected results for the gluon 
fusion gg h, vector-boson fusion qq VVqq —* hqq, vector-boson bremsstrahlung 
qq —>■ V* hV and associated production gg, qq —>■ hti, hbb are shown [Tdj] (H = h). 



The bb decay of the Higgs boson adds powerful background rejection based on 6-tagging 
especially at low Higgs boson mass, below ~ 130 GeV where that decay dominates. Other 
very promising signature |^5|] is the use oi h W*W* —>■ Ivlv decay mode with the 
dominant gluon-gluon Higgs boson fusion production mechanism. The main conclusion 
of the ref. is that for an integrated luminosity of 30 fb~^ the Higgs boson signal should 
be observable at a 3cr level or better for the mass range 145 GeV < < 180 GeV and 
for 95 % percent confidence level exclusion, the mass reach is 135 GeV < nih < 190 GeV. 
One can say that at TEV33 run with the full luminosity Lt = 30/6~^ it would be possible 
to discover the Higgs boson at > 3a level at least with a mass up to (180 — 190) GeV 



[|65l . The Higgs boson discovery potential of Tevatron Collider is shown in Fig. 16. 
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Figure 16: Luminosity required as a function of Higgs mass to achieve different levels 
of sensitivity to the standard-model Higgs boson. From the upper curve corresponds to a 
5 cr discovery, the middle a 3 a signal and the lower a 95% exclusion limit. These limits 
require two experiments, Bayesian statistics are used to combine the channels and include 
the improved sensitivity which would come from multivariate analysis techniques (ref.^d^J). 

8 LHC detectors 



The LHC(Large Hadron Collider) [^-|^ which will be the biggest particle accelerator 
complex ever built in the World will accelerate two proton beams with the total energy 
^/s = 14 TeV. At low luminosity stage (first two-three years of operation) the luminosity 
is planned to be Liow = 10^'^ cm~^s~^ with total luminosity Lt^t = 10^ pb^^ per year. At 
high luminosity stage the luminosity is planned to be L^igh = 10^^ cm^^s^^ with total 
luminosity Lfot = 10^ pb~^ per year. The LHC will start to work in 2005 year. There are 
planned to be two big general purpose detectors at LHC CMS (Compact Muon Solenoid) 
and ATLAS (A Toroidal LHC Apparatus). 

The scientific program at the LHC consists in many goals - . One of the most 
important tasks for the LHC is the quest for the origin of the spontaneous symmetry- 
breaking mechanism in the electroweak sector of the (SM). As it has been mentioned 
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before, all the renormalizable models of electroweak interactions are based on the use of 
the gauge symmetry breaking. As a consequence of the electroweak symmetry breaking 
and the renormalizability of the theory there must be neutral scalar particle(Higgs boson) 
in the spectrum. So the discovery of the Higgs boson will be the check of the spontaneous 
symmetry breaking and the renormalizability of the theory and therefore there are no 
doubts that the Higgs boson discovery is the supergoal number 1 for the LHC The Higgs 
boson search is therefore used as a first benchmark for the detector optimisation for both 
CMS and ATLAS. For the SM Higgs boson, the detector has to be sensitive to the following 
processes in order to cover the full mass range above the expected LEP2 discovery limit 
of (105 - 110) GeV: 

A. /i — > 77 mass range 90 GeV < ruh < 150 GeV. 

B. h ^ bb from Wh, Zh,tih using = or jj,^)- tag and b-tagging in the mass 
range 80 GeV < ruh < 100 GeV. 

C. ZZ* 4Z± for mass range 130 GeV <mh< 2mz. 

D. h ^ ZZ 4/^, 21^21^ for the mass range ruh > 2mz. 

E. h ^ WW, ZZ —>■ l^u 2 jets, 21^ 2 jets, using tagging of forward jets for ruh up to 
1 TeV. 

In minimal super symmetric extension of the standard model (MSSM) there is a family 
of Higgs particles (i?^, h, H and ^4). So in addition to the standard Higgs boson signatures 
the MSSM Higgs searches are based on the following processes: 

F. ^4 ^ T^T~ — > eji plus u' s, oi t~^t~ plus hadrons plus u's. 

G. — > T^u from tt —>■ H'^W'^bb and H"^ — > 2 jets, using a tag and 6-tagging. 
The observable cross sections for most of those processes are small (1 — 100) pb over 

a large part of the mass range. So it is necessary to work at high luminosity and to 
maximise the detectable rates above backgrounds by high-resolution measurements of 
electrons, muons and photons. 

For the H"^ and A signatures in the case of the MSSM, high performance detector 
capabilities are required in addition for the measurements which are expected to be best 
achieved at initial luminosities with a low level of overlapping events, namely secondary 
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vertex detection for r-leptons and b-quarks, and high resolution calorimetry for jets and 
missing transverse energy E^^^^. 

The second supergoal of the LHC project is the supersymmetry discovery, i.e. the 
detection of superparticles. Here the main signature are the missing transverse energy 
events which are the consequence of undetected hghtest stable supersymmetric particles 
LSP predicted in supersymmetric models with R-parity conservation. Therefore it is 
necessary to set stringent requirements for the hermeticity and EJp'^^^ capability of the 
detector. Also the search for new physics different from supersymmetry (new gauge 
bosons W' and Z\ new Higgs bosons with big Yukawa couplings etc.) at LHC requires 
high resolution lepton measurements and charge identification even in the pt range of a 
few TeV. Other possible signature of new physics(compositeness) can be provided by very 
high Pt jet measurements. An important task of LHC is the study of b- and t-physics. 
Even at low luminosities the LHC will be a high rate beauty- and top-quark factory. 
The main emphasis in B-physics is the precise measurement of CP-violation in the 
system and the determination of the Kobayashi-Maskawa angles. Besides, investigations 
of BB mixing in the B'g system, rare B decays are also very important. Precise secondary 
vertex determination, full reconstruction of final states with relatively low-pr particles, 
an example being B^ J/'^Kg followed by J/^ and Kg n'^n', and low- 

Pt lepton first-level triggering capability are all necessary. In addition to running as a 
proton-proton collider, LHC will be used to collide heavy ions at a centre of mass energy 
5.5 TeV per nucleon pair. The formation of quark-gluon plasma in the heavy ion collisions 
is predicted to be signalled by a strong suppression of T' and T" production relative to 
T production when compared with pp collisions. The CMS and ATLAS detectors will be 
used to detect low momentum muons produced in heavy ion collisions and reconstruct T, 
T and T meson production. Therefore the basic design considerations for both ATLAS 
and CMS are the following: 

1. very good electromagnetic calorimetry for electron and photon identification and 
measurements, 

2. good hermetic jet and missing E'^-calorimetry, 
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3. efficient tracking at high luminosity for lepton momentum measurements, for b- 
quark tagging, and for enhanced electron and photon identification, as well as tau and 
heavy-flavour vertexing and reconstruction capability of some B decay final states at lower 
luminosity, 

4. stand-alone, precision, muon-momentum measurement up to highest luminosity, 
and very low-pT trigger capability at lower luminosity, 

5. large acceptance in t] coverage. 



8.0.1 Brief description of CMS subdetectors 



The CMS detector consists of inner detector (tracker), electromagnetic calorimeter, hadron 
calorimeter, muon spectrometer and trigger. A schematic view of the CMS detector is 
shown in Fig. 17. 
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Figure 17: Longitudinal view of the CMS detector. 

Tracker 

The design goal of the central tracking system is to reconstruct isolated high px tracks 
with an efficiency better than 95 percent, and high pt tracks within jets with an efficiency 
of better than 90 percent over the rapidity |?7| < 2.6. The momentum resolution required 
for isolated charged leptons in the central rapidity region is ^ = OApx [pr in TeV). 
This will allow the measurement of the lepton charge up to = 2 TeV . It is also 
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very important for tracking system to perform efficient b- and r-tagging. The tracker 
system consists of silicon pixels, silicon and gas microstrip detectors(MSGS) which provide 
precision momentum measurements and ensure efficient pattern of recognition even at the 
highest luminosity. A silicon pixel detectors consist of two barrel layers and three endcap 
layers and it is placed close to the beam pipe with the tasks of: 

a. assisting in pattern recognition by providing two or three true space points per 
track over the full rapidity range in the main tracker, 

b. improving the impact parameter resolution for b-tagging, 

c. allowing 3-dimensional vertex reconstruction by providing a much improved Z- 
resolution in the barrel part. 

The silicon microstrip detector is required to have a powerful vertex finding capability 
in the transverse plane over a large momentum range for 6-tagging and heavy quark 
physics and must be able to distinguish different interaction vertices at high luminosity. 
The CMS silicon microstrip detector is subdivided into barrel and forward parts, meeting 
at |r/| = 1.8(77 = ~l^(tan(|)), provided at least 3 measuring points on each track for 
1 77 1 < 2.6. The microstrip gas chambers provide a minimum of 7 hits for high pt tracks. 
The track finding efficiency in the tracker is 98 percent for pr > 5 GeV. The charged 
particle momentum resolution depends on the rj and pt of charged particle and for pt = 
100 GeV and \rj\ < 1.75 it is around 2 percent. Impact parameter resolution also depends 
on Pt and rj and for 10 GeV < pr < 100 GeV and I77I < 1.3 in transverse plane it is 
around 100 fim. The b-tagging efficiency from tt decays is supposed to be better than 30 
percent. A significant impact parameter resolution can be used to tag r-leptons. It could 
be useful in searches such as SUSY Higgs boson decays A,H,h ^ tt — > e + // + X(or 
I + hadrons). These leptons(hadrons) originate from secondary (r) vertices while in the 
backgrounds from it — > Wb + Wb —>■ e + /i + X and WW e + + X they originate 
from the primary vertex. It is possible to have the efficiency for the signal ~ 50 percent 
while for the background channels it is ~ 3 percent. 

ECAL 

The barrel part of the electromagnetic calorimeter covers the rapidity intervals I77I < 
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1.56. The endcaps cover the intervals 1.65 < \r]\ < 2.61. The gaps between the barrel and 
the endcaps are used to route the services of the tracker and preshower detectors. The 
barrel granularity is 432 fold in and 108 x 2-fold in tj. A very good intrinsic energy 
resolution given by 

- 0.005®^ (98) 



E y/E E 

is assumed to be for electrons and photons with a PhWOi crystal ECAL. The physics pro- 
cess that imposes the strictest performance requirements on the electromagnetic calorime- 
ter is the intermediate mass Higgs boson decaying into two photons. The main goal here 
is to obtain very good di-photon mass resolution. The mass resolution has terms that 
depend on the resolution in energy {Ei,E2) and the two photon angular separation (9) 
and it is given by 

M-2^E,® ® (tan(l)J' ^^^^ 
where © denotes a quadratic sum, E is in GeV and 9 is in radians. For the Higgs two- 
photon decay at LHC the angular term in the mass resolution can become important, so 
it is necessary to measure the direction of the photons using the information from the 
calorimeter alone. In the barrel region \ri\ < 1.56 angular resolution is supposed to be 

< sommd _ Estimates give the following di-photon mass resolution for /i ^ 77 channel 
{rrih = 100 GeV): 

6m^^ = 475 MeV (Low luminosity L = 10^^ cm~'^s~^), 

5m^^ = 775MeV^ (High luminosity L = 10^^ cm-^s"^). 

HCAL. 

The hadron calorimeter surrounds the electromagnetic calorimeter and acts in con- 
junction with it to measure the energies and directions of particle jets, and to provide 
hermetic coverage for measurement the transverse energy. The pseudorapidity range 
(1^1 < 3) is covered by the barrel and endcap hadron calorimeters which sit inside the 
4T magnetic field of CMS solenoid. In the central region around 77 = a hadron shower 
'tail catcher' is installed outside the solenoid coil to ensure adequate samphng depth. The 
active elements of the barrel and endcap hadron calorimeter consist of plastic scintillator 
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tiles with wave length-shifting fibre readout. The pseudorapidity range (3.0 < rj < 5.0) is 
covered by a separate very forward calorimeter. The hadron calorimeter must have good 
hermeticity, good transverse granularity, moderate energy resolution and sufficient depth 
for hadron shower containment. The physics programme requires good hadron resolution 
and segmentation to detect narrow states decaying into pairs of jets. The di-jet mass 
resolution includes contributions from physics efi'ects such as fragmentation as well as 
detector effects such as angular and energy resolution. The energy resolution is assumed 
to be: 

for jr^l < 1.5 and segmentation Arj x A$ = 0.1 x 0.1. 

The di-jet mass resolution is approximately the following: 

1. (10 - 15)% for 50 GeV < Pt < 60 GeV and rriij = mz- 

2. (5 - 10)% for 500 GeV < pr < 600 GeV and m^- = mz- 

The expected energy resolution for jets in the very forward calorimeter is parametrised 

by: 

^ = e (0.02 ± 0.01) . (101) 

The expected missing transverse energy resolution in the CMS detector with very forward 
2.5 < 77 < 4.7 coverage is 

(Ef in GeV). In the absence of the very forward calorimeter, the missing transverse energy 
resolution would be nearly three times worse. 
Muon system. 

At the LHC the effective detection of muons from Higgs bosons, W, Z and tt decays 
requires coverage over a large rapidity interval. Muons from pp collisions are expected 
to provide clean signatures for a wide range of new physics processes. Many of these 
processes are expected to be rare and will require the highest luminosity. The goal of the 
muon detector is to identify these muons and to provide a precision measurement of their 
momenta from a few GeV to a few TeV. The barrel detector covers the region \r]\ < 1.3. 
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The endcap detector covers the region 1.3 < I77I < 2.4. The muon detector should fulfil 
three basic tasks: muon identification, trigger and momentum measurement. The muon 
detector is placed behind ECAL and the coil. It consists of four muon stations interleaved 
with the iron return yoke plates. The magnetic fiux in the iron provides the possibility of 
an independent momentum measurement. The barrel muon detector is based on a system 
of 240 chambers of drift tubes arranged in four concentric stations. In the endcap regions, 
the muon detector comprises four muon stations. The muon detector has the following 
functionality and performance: 

1. Geometric coverage: pseudorapidity coverage up to = 2.4 with the minimum 
possible acceptance loses due to gaps and dead areas. 

2. Transverse momentum resolution for the muon detector alone for < jr^j < 2 : 
^ = 0.06 - 0.1 for pt = 10 GeV, 0.07 - 0.2 for pr = lOO'GeV and 0.15 - 0.35 for 
Pt = 1 TeV. 

3. Transverse momentum resolution after matching with central detector for < jr^j < 
2 : ^ = 0.005 - 0.01 for pt = 10 GeV, 0.015 - 0.05 for pr = 100 GeV and 0.05 - 0.2 
for Pt = 1 TeV. 

4. Charge assignment: correct at 99 percent confidence level up to px — 7 TeV for the 
full rj coverage. 

5. Muon trigger: precise muon chambers and fast dedicated detectors provide a trigger 
with Pt thresholds from a few GeV up to 100 GeV. 

Trigger. 

For the nominal LHC design luminosity 10^^ cm~^s~^, an average of 20 inelastic events 
occur every 25 ns, the beam crossing time interval. The input rate of 10^ interactions per 
second must be reduced by a factor of at least 10^ to 100 Hz, which is the maximum rate 
that should be achieved for off-line analysis. CMS reduces this rate in two steps. The 
Level-1 trigger system operates on a subset of the data collected from each LHC crossing. 
The processing is dead timeless and the decision to collect the full set of data relating to 
a given crossing is taken after a fixed latency of 3 /^s. The maximum event rate which can 
be accepted by the Level-2 trigger, which again considers a subset of data, is 100 kHz. 

39 



The Level-1 trigger system comprises the front-end electronics which generates trigger 
primitives at the detector and the Level-1 processing logic in the electronic barracks, 
interconnected electrically and optically. The Level-2 trigger is provided by an online 
processor farm. After a Level-2 positive decision, the remainder of the full crossing data 
is requested for further processing by this farm for the final (Level 3) decision. 

The benchmarks for the trigger selection correspond to the final states which are 
not interesting in their own right, but typical of final states expected in new physics 
processes. They correspond to inclusive triggers that must be highly efficient for new 
physics signatures. The benchmarks are: 

1) electrons from inclusive W bosons, 

2) muons from inclusive W bosons, 

3) jets at high pt, 

4) high Pt photons, 

5) missing E^, 

6) low Pt multi leptons (for b physics). 

8.1 ATLAS detector QB^] 

The design of the ATLAS detector is similar to CMS detector. It also consists of inner 
detector (tracker), electromagnetic calorimeter, hadron calorimeter ,muon spectrometer 
and trigger. Here we briefly describe the main parameters of the ATLAS subdetectors. 
A schematic view of the ATLAS detector is shown in Fig. 18. 
Inner detector 

The main parameters of the ATLAS inner detector at high-luminosity running are: 

1. Tracking coverage over the pseudorapidity range |?7| < 2.5. 

2. Momentum resolution of < 0.3 at = 500 GeV for jr/l < 2 and no worse than 
50 percent for \ri\ = 2.5. 

3. Polar-angle resolution of < 2 mrad. 

4. Tracking efficiency of > 95% over the full coverage for isolated tracks with > 5 
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Figure 18: Tree- dimensional view of the ATLAS detector. 

GeV, with fake-track rates less than 1% of signal rates. 

5. Tracking efficiency of > 90 % for all tracks with px > 1 GeV in a cone AR < 0.25 
around high-p-p isolated track candidates, with less than 10 % of such tracks being fakes. 
Here, AR is defined as the separation of the particles in pseudorapidity-azimuth space. 

6. Electron-finding efficiency (integrated over all pt, and including the trigger effi- 
ciency) of > 90 % for a second electron with px > 0.5 GeV near a high py-candidate, in 
order to suppress photon-conversion and Dalitz-decay backgrounds. 

7. High pT-electron identification efficiency above 90 % both in the trigger and in the 
full reconstruction, including the effects 

of bremsstrahlung in the tracker material. 

8. Combined efficiency of the calorimeter and inner detector in excess of 85 % for 
finding photons in the px ~ 60 GeV, with an electron rejection factor > 500 and with an 
isolated vr^ rejection factor > 3. 

9. Tagging of b jets with an efficiency > 30 % at the highest luminosity, with a rejection 
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> 10 against non b- hadronic jets. 

10. Measurement of the z coordinate of primary vertices with at least four charged 
tracks to better than 1 mm. 

11. Provision of LVL2 track trigger to select isolated tracks with px > 20 GeV with 
an efficiency > 90% and a fake track rate of < 10%, in a cone of AR < 0.25 around 
high-ET e.m. calorimeter clusters. 

For initial lower-luminosity running the additional important parameters are: 

1. Tagging of 6-jets with an efficiency above 30%, with a rejection > 50 against non 
6-hadronic jets. 

2. The ability to reconstruct secondary vertices from b and r decays and charged 
tracks from primary vertices and from secondary decay vertices of short-lived particles 
with > 95 % efficiency for pt > 0.5 GeV over the full coverage. 

3. Reconstruction and identification of electrons with pt > 1 GeV with an efficiency 

> 70%. 

ECAL 

The energy resolution is of ^ = © 0.007 for [t^I < 2.5. Diphoton mass resolution 
is estimated to be 1.4 GeV for Higgs boson mass mh — 100 GeV for L — 10^^ cm~'^s~^ 
(for CMS the diphoton mass resolution is 775 MeV). 

HCAL 

Jet energy resolution is of ^ = ® 0.03 for jets and a segmentation of A77 x A$ = 
0.1 X 0.1 for |r/| < 3 and ^ = ^ © 0.1 and a segmentation of A77 x A$ = 0.1 x 0.1 for 
very forward calorimeter 3 < |r;| < 5. 

Muon spectrometer 

The muon momentum resolution is of ^ = 0.02(pt = 20 GeV), ^ = 0.02(pt = 
100 GeV), ^ = 0.08(pt = 1 TeV) for \r]\ < 3. 
Trigger 

The ATLAS trigger is organised in three trigger levels (LVLl, LVL2, LVL3). At 
LVLl, special- purpose processors act on reduced-granularity data from a subset of the 
detectors. The LVL2 trigger uses full-granularity, full-precision data from most of the 
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detectors, but examines only regions of the detector identified by LVLl as containing 
interesting information. At LVL3, the full event data are used to make the final selection 
of events to be recorded for offline analysis. The LVLl trigger accepts data at the full 
LHC bunch-crossing rate of 40 MHz (every 25 ns) and reduces them to 100 Khz. The 
LVL2 trigger reduces the rate from up to 100 KHz after LVLl to about 1 KHz. After an 
event is accepted by the LVL2 trigger, the full data are sent to the LVL3 processors which 
must achieve a data-storage rate of 10 — 100 MB / s by reducing the event rate and/or the 
event size. 



9 Search for standard Higgs boson at the LHC 

In this section we give mainly the results of the simulations on the search for Higgs boson 
at CMS detector ||7^ We don't give the review of the corresponding ATLAS 



simulations [g^, l^^l "HU the Higgs boson search because the results in terms of the 
significances coincide up to 30%. However sometimes we compare the CMS and ATLAS 
Higgs boson discovery potentials. 



9.1 The search for h 77. 

One of the most important reactions for the search for Higgs boson at LHC is 

pp^[h^-i-i) + ..., (103) 

which is the most promising one for the search for Higgs boson in the most interesting 
region 100 GeV < rrih < 140 GeV. 

The key features that enable CMS detector to obtain clear two-photon mass peaks, 
significantly above background throughout the intermediate mass range, are: 

i. An electromagnetic calorimeter with an excellent energy resolution (this requires 
calibration to high precision, which in turn requires a good inner tracking system). 

ii. A large acceptance (the precision electromagnetic calorimetry extends to |?7| = 2.5), 
adequate neutral pion rejection and (at high luminosity) a good measurement of photon 
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direction. This requires fine lateral segmentation and a preshower detector, 
iii. Use of powerful inner tracking system for isolation cuts. 

The cross section ( including K-factor K = 1.5) times branching has been estimated 
to be aBr{h — > 77) = 76 /6(68 fb) for rrih = 110(130) GeV, the uncertainty in the cross 
section calculation is (10 - 30) percent. The imposition of cuts (|?7| < 2.5, pj? > 40 GeV, 
Pj? > 25 GeV) allow to decrease the background in a reasonable magnitude. The jet 
background is reduced by imposing an isolation cut, which also reduces the bremsstrahlung 
background. Photon is defined to be isolated if there is no charged track or electromagnetic 
shower with a momentum greater than 2.5 GeV within a region AR < 0.3 around it. The 
photons from the decay of vr^ of the relevant transverse momenta are separated in the 
calorimeter by a lateral distance of the order of 1 cm. An efficiency of 64 % was assumed 
for reconstruction of each photon (i.e. 41% per event). The crystal calorimeter was 
assumed to have an energy resolution AE / E = 0.02/ ^/E © 0.005 © 0.2/ E in the barrel 
and AE/ E = 0.05/v^©0.005©0.2/£' in the endcap, where there is a preshower detector. 
At high luminosity, a barrel pre-shower detector covers \ri\ < 1.1, resulting in a resolution 
AE/ E = 0.0^/ \fE © 0.005 © 0.2/ E and an ability to measure the photon direction with 
resolution Aa = 40 mrad/^/E in this region. 

The background to the /;,—>• 77 may be divided into 3 categories: 

1. prompt diphoton production from quark annihilation and gluon fusion diagrams - 
irreducible background, 

2. prompt diphoton production from bremsstrahlung from the outgoing quark line in 
the QCD Compton diagram, 

3. background from jets, where an electromagnetic energy deposit originates from the 
decay of neutral hadrons in a jet from 1 jet + 1 prompt photon. 

The signal significance a = -^^^ is estimated to be 6.6cr(9cr) for nih = 110(130 GeV 

and for low luminosity Liow,t = 3 ■ 10^ pb~^ and 10a{13a) for rrih = 110(130) GeV and for 

high luminosity L^igh t = 10^ pb~^. The general conclusion is that at 5a level it would be 

possible to discover Higgs boson for 95 GeV < rrih < 145 GeV at low luminosity and 
^It should be noted that more correct definition of the significance in future experiments when we know 
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at high luminosity the corresponding Higgs boson mass discovery interval is 85 GeV < 
mh < 150 GeV (see Fig. 19). 

Comparison of the ATLAS and CMS discovery potential for the /i — 77 channel 
has been made in ref. The ratio between the CMS and ATLAS significances is 

determined by the formula 

ScMS 



,AmiATLAS)^ e^iCMS) 



X T'l;; , (io4) 



Satlas Y AUCMS) ' e,{ATLAS) 
where A^, the diphoton mass resolution and e-^, the total photon efiiciency(trigger, iden- 
tification, reconstruction) are detector dependent. In ATLAS and CMS the photon iden- 
tification efficiencies are 80% [38| and 71% correspondingly. However the diphoton 
mass resolution is better in CMS. According to the Technical Proposals for uih = 110 GeV 
the diphoton mass resolutions are: 



AmiCMS) = 0.54 GeV, Am{ATLAS) = 1.25 GeV {low luminosity) 



AmiCMS) = 0.87 GeV, Am{ATLAS) = 1.43 GeV {high luminosity) 



The main conclusion of the ref. p9| is that the discovery potential of the CMS (in 
terms of a) is 10 % and 30 % better than ATLAS at high and low luminosities stagies 
correspondingly (for mh = 110 GeV). 



9.2 Search for /i ^ 77 in association with high Et jets. 

The idea to look for Higgs boson signal associated with a high pt jet in the final state 

was considered in ref. |^2[ , where the matrix elements of signal subprocesses gg ^ g + h, 
only the average number of signal Ns and background Nb events is S* = \^Ns + Nb — \/Nb ■ More 
appropriate characteristic for future experiments is the probability of the discovery, i.e. the probability 
that future experiment will measure the number of events Nev such that the probability that standard 
physics reproduces A^e„ is less than 5.7 • 10~^ (5f )■ For instance, for the standard Higgs boson search 
with m/i = 110 GeV and for L = 3 • 10"^ pb-^{2 ■ 10"* pb-^) the standard significance is 6.6(5.4). At the 
language of the probabilities it means [0 that the CMS will discover at > 5ct the Higgs boson with the 
probability 96(73) percent. 
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gq ^ q + h and qqg + h have been calculated analytically in the leading order a^. One 
kind of reducible background comes from the reactions qg —>■ 'J + g + q, gg 'y + q + q, 
qq ^ 1 + q{g) + q {g) in the cases when the final gluon or quark produces an energetic 
photon without further jet generation. Other kind of reducible background comes from the 
subprocesses qg l + q, qqi + g when the second photon is produced during the quark or 
gluon fragmentation but this jet is still detected. Third kind of reducible background could 
come from the pure QCD subprocesses 2^2 type, when both particles in the final state 
are gluons and quarks. There is nonzero probability to get two separated and energetic 
photons from the fragmentating of quarks and gluons. There are possible contributions 
from the following subprocesses: gg g{q) + qiq), gq ^ g + q, qq q{g) + Q id)- 
The typical set of cuts used to separate signal from background is |^ : 
(CI) two photons are required with pi > 40 GeV, and \ri\^ < 2.5 for each photon; 
(C2) photons are isolated from each other by Ai?(7i,72) > 0.3; 

(C3) jet has high transverse energy Ej^* > 40 GeV and is centrally produced, {rijetl < 

2.4; 

(C4) jet is isolated from the photons by Ai?(jet, 71) > 0.3 and AR{jet,j2) > 0.3. 

For the Higgs boson mass 100 GeV < < 150 GeV and for an integrated luminosity 
10 fb~^ this channel has dozens of signal events with a number of background events only 
by factor 2-3 higher [||]. The significance Ns/y/N^ ~ 4.0; 5.3 and 4.1 for Mh = 100, 120 
and 140 GeV respectively indicating good prospects for discovery of the light Higgs boson 
at low LHC luminosity. These result also imply that at high luminosity phase with year 
luminosity 10^ pb~^ LHC will give hundred of events with high pt associated with hard 
jet with the signal significance ~ 15. 

Note that recent study |^ of the signature 77 + jets for ATLAS detector confirms 
the main results of ref . |l82| . 



The possibility for the search for /i — 77 with > 2 large Et jet also allows to improve 
signal /background ratio. There are several sources of such Higgs + jet events. One is the 
next to leading order corrections to gg —>■ h with hard gluons. Others are the associated 
production of ith, Wh, Zh and the WW and Zh fusion mechanisms. 
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The cuts that provide optimal sensitivity are |]73| : 

i. Two isolated photons are required, with pl^ > 40 GeV andp7^ > 60 GeV , \rj\ < 2.5 
and > 50 GeV. 

ii. Number of jets > 2, Ef* > 40 GeV for the central jets ( \r]\ < 2.4 ) and E^'^* > 
800 GeV for the forward ones (2.4 < |?7| < 4.6). 

iii. Photons are isolated with no charged or neutral particles with pt >2 GeV within 
a cone AR < 0.3 around each photon's direction. 

iiii. 7-jet isolation AR{'j,jet) > 1.5 (to suppress the bremsstrahlung contribution). 

The calculations give encouraging results, namely for Lhigh,t = 1-6 ■ 10^ pb^^ it would 
be possible to discover the Higgs boson for 70 GeV < rrih < 150 GeV with > 7a signal 
significance. Note that the background is not only much smaller in magnitude than in 
the inclusive /;,—>• 77 search, but it is also peaked at higher masses, away from the most 
difficult region ^(77) < 90 GeV. 

9.3 h W^W l^ul^u signature. 

Recently it has been shown |83| that the previously ignored signature pp ^ h ^ W^W~ —>■ 



l^vt v' provides the Higgs boson discovery for the Higgs boson mass region between 
155 GeV and 180 GeV at the LHC The proposed signature does not require extraor- 
dinary detector performance and only requires a relatively low integrated luminosity of 
about 5 j\r^ . 

The main background production reactions are 

pp (ly+iy-, tt, wH{h) + ...) (io5) 

The most important selection criteria for the enhancement of the signal over the back- 
ground are the following p3|] . 

1. Events which contain two isolated high pt charged leptons, electrons or muons, which 
are inconsistent with Z decays are selected. Both leptons should have a pseudorapidity 
|?7| of less than 2.4 and their pt should be larger than 25 GeV and 10 GeV respectively. 
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The dilepton mass should be larger than 10 GeV and more than 5 GeV different from Z 
boson mass if the event consists of e~^e~ or fi~^fi~ pairs. 

2. Background from ti bW~^bW~ and gb Wtb WbW{b)is reduced by vetoing 
events which contain jets with pt of more than 20 GeV and jr^l < 3 . 

3. Signal events from gluon-gluon scattering are more central than the W^W~ back- 
ground from qq scattering. This criterium is essentially independent of the mass. There- 
fore it is required that the polar angle of the reconstructed dilepton momentum vector, 
with respect to the beam direction, is larger than 30 degrees and that the absolute value of 
the pseudorapidity difference of the leptons is smaller than 1.25. As a result both leptons 
are found essentially within the barrel region of the experiments with |?7| < 1.5. 

4. The W^W~ spin correlations and the V — A structure of the W decays result in a 
distinctive signature for W^W~ pairs produced in Higgs boson decays. For Higgs boson 
mass close to 2 x M\y the boost is small and the opening angle between the two 
charged leptons in the plane transverse to the beam direction is small. 

The results of the analysis demonstrate that this signature provides not only 
the Higgs boson discovery channel for a mass range between (155 — 180) GeV with 
S/B > 0.35 but also helps to establish a LHC Higgs boson signal for masses between 
(120 — 500) GeV. Recent simulations study p4| based on PYTHIA to generate events 
and CMSCIM calorimeter simulation for the jet veto confirm qualitatively the results of 



ref.|p3[. Numerically they give for m/j = 130 GeV 30% lower efficiencies for the signal 



and DY background and about a factor 2 higher overall efficiency for tt background [84]. 



9.4 h ZZ''{ZZ) 4 leptons. 

m/j < 2mz region 

The channel h ZZ* ^ 4 / is the most promising one to observe Higgs boson in the 
mass range 130 GeV — 180 GeV. Below 2Mz the event rate is small and the background 
reduction more difficult, as one of the Zs is off mass shell. In this mass region the width 
of the Higgs boson is small < 1 GeV, and the observed width is entirely determined by 
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the instrumental mass resolution. The significance of the signal is proportional to the four- 
lepton mass resolution (S = Ns/y/Ns and A''^ ~ CT4;, so the lepton energy /momentum 
resolution is of decisive importance []. 

In the rrih < 2Mz mass region , the main backgrounds are from ti, Zbb and ZZ*. 
The ZZ* background is irreducible and peaks sharply near the ZZ threshold. The Zbb 
background cannot be reduced by a Z mass cut, but it can be suppressed by lepton 
isolation. The tt background can be reduced by a Z mass cut and by isolation cuts. The 
standard event cuts in CMS were chosen the following |]6^: one electron with pt > 20 GeV; 
one with pt > 15 GeV, and the remaining two electrons with pt > 10 GeV, all within 
|?7| < 2.5. For muons, the corresponding pt cuts are 20, 10 and 5 GeV in the rapidity range 
\ri\ < 2.4. For rrih = 130 GeV the overall (kinematic and geometrical) acceptance for the 
four-electron channel is 22 % and for the four-muon channel 42 %. For ruh = 170 GeV 
these acceptances increase to 38 % and 48 % respectively. To select h ZZ* events and 
suppress the large ti background, one of the e~^e~ or pairs was assumed to be within 

±2az of the Z mass. There is a fraction of events where both Zs are off-shell. This effect 
results in a 24 % loss for mh = 130 GeV, decreasing to 12 % for nih = 170 GeV. The Mz 
cut reduces tt background by a factor 11 in the Z fi^fi~ channel and by a factor of 5 in 
the Z — >■ e^e~ channel. For two softer leptons, M{ll) > 12 GeV is also required. One can 
say that for the region 130 GeV < ruh < 180 GeV and for Lhigh,t = 10^ pb^^ CMS will 
discover the Higgs boson with > 5cr signal significance (see Fig.20) except narrow mass 
region around 170 GeV where cr x Br has a minimum due to the opening of the h WW 
channel and drop of the h —>■ ZZ* branching ratio just below the ZZ threshold. Note 
that the imposition of the additional cut on the mass of the second (lighter) lepton pair 
to < 76 GeV leads to a considerable signal improvement in this critical region. At 



^ Typical Higgs boson mass resolutions in this mass range are: (74^ ~ 1 GeV, a^e ~ l-5GeV (CMS) |6j 
and 0-4^ ~ 1.6 GeV, a^e ~ 1-6 GeV (ATLAS) The comparison of the CMS and ATLAS discovery 

potentials with h ZZ* — )■ 4 leptons based on the analyses presented in the two Technical Proposals has 
been performed in ref . . The main conclusion of the ref. is that in terms of significances ATLAS 
and CMS discovery potentials coincide up to 30, %. 
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low luminosity L = 2 ■ 10^ pb ^ Higgs boson can be discovered at CMS in the mass range 
ruh = (130 - 150) GeV. 
ZZ ^Al 

For 180 GeV < rrih < 800 GeV, this signature is considered to be the most reliable 
one for the Higgs boson discovery at LHC, since the expected signal rates are large and 
the background is stall. The main background to the h ZZ 4/^ process is the 
irreducible ZZ production from qq — > ZZ and gg ZZ. The tt and Zbb backgrounds 
are small and reducible by a Z-mass cut. The typical cuts are the following |76|, [77| : 



1. One electron with pt > 20 GeV, one with px > 15 GeV, and the remaining two 
electrons with > 10 GeV, all within \7]\ < 2.5. 

2. For muons the corresponding p^ cuts are 20,10 and 5 GeV, and the rapidity coverage 
is |?7| < 2.4. 

3. To avoid any residual tt background a cut on the Z-mass by mi+i- = mz i: 4cr^, 
with (7z = 3 GeV is used. 

The use of the above determined cuts allows to detect the Higgs boson at > 5cr level 
up to ^ 400 GeV at 10^ pb~^ and up to ruh ^ 650 GeV at 10^ pb'^ fT^] (see Fig.21). 
As it has been demonstrated in ref . the imposition of the additional cut pf ^ + ^ > 



m^^/1.4 allows to extend the CMS discovery potential up to 650 GeV{3 ■ 10^ pb 
750 GeV{10^ pb~^), 850 ^61/(3 ■ 10^ pb~^). 



Similar results have been obtained for ATLAS 91 



9.5 The use of the signature J9j9 ^ 77 + lepton 

The Wh — > Z77 + X and ith — > Z77 + X final states are other promising signature for the 
Higgs boson search. The production cross section is smaller than the inclusive /i — >■ 77 by 
a factor ^ 30. However the isolated hard lepton from the W and t decays allows to obtain 
a strong background reduction and to indicate the primary vertex at any luminosity. 
Typical choice of cuts is the following 



1. Pt > 40 GeV,pi > 20 GeV, transverse momentum cuts for photons. 
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2. p\ > 20 GeV, transverse momentum cuts for electron (or muon). 

3- 1^771,721 < 2.4, \rii\ < 2.4, rapidity cuts for both photons and electron (or muon). 

4. A_R(7i,72) > 0.3 , A_R(7, /) > 0.3, isolation cuts for photon or photon-lepton pair. 

Here AR = ^fb^^^^TS'ip' is the separation between two particles in the (\) — y plane. The 
main background comes from the reactions '-yy+ti, pp 7i?(f7 + e^i^), pp 'yg + e^u 
with a gluon jet misidentified as a photon, pp —>■'-/ + e^e^ with an electron misidentified 
as a photon, pp — > 7766 with a b-quark misidentified as an electron. 

The main conclusion is that for an integrated luminosity 165/6~^ in both channels 
pp —>■ Wh and pp tth in the two-photon invariant mass interval Af/j — 1 GeV < 
M^7 < Mh + l GeV there are ~ 100 signal for Mh = 120 GeV and ~ 20 irreducible 
background events if the photon transverse momentum cuts are 20 GeV. If the photon 
transverse momentum cuts are taken to be 40 GeV there are ~ 50 signal events and 1 — 2 
background events. Higgs peak can be observed practically free from the background. 
However in the low luminosity regime the reaction — 77 + lepton is able to produce 
only 4 — 5 clean signal events. So only in the high luminosity phase it allows to make an 
important cross-checking if the Higgs signal has shown up before in — >■ h + ... — »• 77 -f ... 
classical signature. 



9.6 The use of channels h WW lli/i/, h WW Ivjj and 
h ZZ lljj. 

The channel h llvv has a six times larger branching than h — » 4/^. The main back- 



ground comes from ZZ, ZW , tt and Z + jets. The chosen cuts are the following p7| 



1. E™"* > 100 GeV. 

2. Two isolated leptons are required, with pt > 20 GeV, \ri\ < 1.8 and pf > 60 GeV. 

3. \Mz-Mu\ < 6 GeV. 

4. No other isolated leptons with pt > 6 GeV. 

5. No central jets with Et > 150 GeV. 

6. No jets back-to-back with leptons (cosine of the angle between the momentum of 
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the lepton pair and sum of the momenta of the jets is > —0.8). 

7. E^'^^^ vector back-to-back with the lepton pair (cosine of the angle in the transverse 
plane between the two-lepton momentum and the missing transverse momentum < 0.8). 

The conclusion ^ is that using this mode it would be possible to discover Higgs 
boson in the interval 400 GeV < mh < (800 - 900) GeV (see Figs. 22-23). 

The channels h WW — lujj and h — > ZZ — ^ lljj are important in the rrih ~ 1 
TeV mass range, where the large W, Z —>■ qq branching ratios must be used. Also high 
lepton pairs with mu ^ Mz for h ZZ or a high pt lepton pair plus large i?™**'^, for 
h WW must be used. In addition, two hard jets from the hadronic decays of Z/W 
with nijj ~ Mz/w are required. The backgrounds are: Z + jets, ZW, WW, ti, WW, 
WZ. For m/j ^ 1 TeV the Higgs boson is very broad (Th ~ 0.5 TeV and WW/ZZ fusion 
mechanism represents about 50 percent of the total production cross section), therefore 
forward-region signature is essential. The appropriate cuts are the following: 

i. E™^^ > 150 GeV, v\ > 150 GeV, vf > 300 GeV for h WW, or p{ > 50 GeV, 
pf > 50 GeV, pf > 150 GeV, \mz - mu\ < 10 GeV for h ZZ. 

ii. \mjj — mw/z\ < 15 GeV for the central jet pair. 

iii. * > 10 GeV, E^^^ > 400 GeV, |r/| > 2.4 for the two forward tagging jets. 



The main conclusion p7[ [78| is that the use of the reactions h — >■ WW lujj and 
h — >■ ZZ lljj allows to discover the heavy Higgs boson with a mass up to 1 TeV for 

Lhigh,t = 10^ pb-\ 

9.7 Summary 

The most reliable signatures for the search for the Higgs boson at LHC are the following; 

1. /i — >• 77 or /i — > 77 -|- jets 

2. h^ZZ*,ZZ^Al^ 

3. W+W~ l+ul-u 

4. ZZ, WW llvv, II]], lv]j 

Fig. 24 -25 show the expected CMS discovery potential of the standard Higgs boson 
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as a function of ruh for integrated luminosities of 10^ pb~^ and 3 • 10^ pb~^. For L — 
10^ pb"^ CMS is able to discover the Higgs boson at > 5a level for the entire mass region 
(95 GeV — 1 TeV). For low luminosity stage with L = 3 ■ 10^ pb^^ CMS is able to discover 
Higgs boson with a mass up to ~ 600 GeV. 
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10 Conclusion 



There are no doubts that at present the supergoal number one of the experimental high 
energy physics is the search for the Higgs boson - the last non discovered cornerstone 
of the Standard Model. At present the LEP2 experimental bound on the Higgs boson 
mass is ruh > 102.6 GeV. In a year LEP2 will be able to discover the Higgs boson or to 
increase a lower bound up to (105 — 110) GeV. LHC is able to discover the Higgs boson 
with a mass up to 1 TeV and to check its basic properties. The experimental Higgs boson 
discovery will be triumph of the idea of the renormalizability (in some sense it will be 
the "experimental proof" of the renormalizabilty of the electroweak interactions) which 
mathematical cornerstone is the famous Bogoliubov-Parasiuk theorem. At any rate after 
LHC we will know the basic mechanism (Higgs boson or something more exotic?) of the 
electroweak symmetry breaking. 

We thank our colleagues from INR theoretical department for useful discussions. We 
are indebted to S.I.Bityukov for a help in preparation of the manuscript. The research 
described in this pubhcation has been supported by RFFI grant 99-02-16956. 
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Figure 19: (a) Background-subtracted 2 7 mass plot for lO^pb ^ with signals 

ruh = 90, 110, 130 and 150 GeV m PhWO^ calorimeter (CMS). 

(h) Signal significance contours for lO^pfe^""^ taken at high luminosity (CMS) (H = h). 
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Figure 20: The four-lepton mass distributions for h ZZ* 41^ in CMS, superimposed 
on the total background, for ruh — 130, 150 and 170 GeV with lO^pfe"^ (H = h). 
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Figure 21: The four-lepton mass distributions for h — > ZZ 41 in CMS, superim- 
posed on the ZZ continuum background, for rrih = 300 GeV with 2 • W^pb^^ and for 
rrih = 500 GeV with 10^pb~^ (H = h). 
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Figure 22: h l+l-uu signal for rrih = 500 GeV with lOV"^ in CMS (H = h). 
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Figure 23: h l^l vv signal for rrih = 800 GeV with lO^pb ^ in CMS. One tagged jet 
with E > 1 TeV is assumed (H = h). 
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Figure 24: Expected observability of Standard Model Higgs as a function on niH in CMS 
with lO^pfe-^ (ref.f^) (H = h). 
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Figure 25: Expected observability of Standard Model Higgs as a function on niH in CMS 
with 3 • 10 and with 10 M-}^) (H = h). 
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